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ABSTRACT
Leaf morphology is affected by environmental conditions and has therefore been studied in response to
many environmental factors, including altitudinal gradients, which can be used to show responses to
climatic changes of temperature and moisture. The ability of a plant to respond morphologically to its
environment should influence the extent of its range along a gradient of changing environmental conditions.
This study shows changes in width/length ratios, surface area, toughness, and petiole length of both young
and old leaves within three Piper species along an altitudinal gradient. The ranges of two species, P.
amalago and P. dotanum, extend to the end of the premontane wet forest in San Luis, Costa Rica, while the
third species, P. hispidum extends into the lower montane wet forest in the Monteverde Cloud Forest
Preserve. As expected, P. hispidum shows greater morphological response to climatic changes with altitude,
especially in width/length ratios (2-way ANOVA; p = 0.0012) and toughness (2-way ANOVA; p = <0.0001).
This plasticity may therefore be the reason for P. hispidum's presence in the lower montane wet forest, where
the other two species are not found.

RESUMEN
Las características de las hojas son afectadas por cambios ambientales. Muchos gradientes han sido
estudiados que afectan la morfología de la hoja, como altitud, lo que muestra una respuesta de las hojas a
cambios en clima como la temperatura y la humedad. La capacidad de una planta para responder al
ambiente debe influir en su distribución donde puede existir. Este estudio muestra los cambios en la relación
de ancho y largo de la hoja, área, dureza y largo del peciolo de ambas hojas jóvenes y viejas de tres
especies de Piper. La distribución altitudinal de dos especies, P. amalago y P. dotanum llegan al bosque
premontane húmedo en San Luis, Costa Rica, y la tercera especie P. hispidum, llega al bosque bajo montano
húmedo en la Reserva del Bosque Nuboso de Monteverde. Como se esperaba, P. hispidum muestra una
respuesta mayor a cambios de clima con el cambio en altitud, especialmente en la relación de ancho y largo
de la hoja (ANOVA 2 Vías; p = 0.0012) y dureza (ANOVA 2-Vias; p = <0.0001). Es posible que esta
capacidad a cambiar sea la razón por la cual puede existir en un ambiente que los otros no pueden.

INTRODUCTION
Leaf morphology can show how a plant has adapted to its environment, as leaf characters
are not solely genetically determined, but are quite responsive to their environment
(Lightbody 1985; Richards 1996). There has been both convergences in morphological
characters by multiple species in similar environmental conditions as well as adaptive
radiation from a common ancestor by species in different environmental conditions
(Dudley 1978). This is evidence for the response of certain species to environmental
selective pressures. Changes in leaf morphology have been studied along various gradients,
including those of canopy layers, altitude, and succession (Geeske et al. 1994; Rundell &
Gibson 1996; Kappelle and Leal 1996).
An altitudinal gradient is useful to show a species' adaptability to certain climatic
conditions, as temperature and moisture tend to change with altitude. Altitude as an
influential factor of mere distance above sea level or the accompanying pressure changes

seems unlikely, given, for example, that similar vegetational zones occur at very different
altitudes on different mountains (Dudley 1978). Changes in environmental conditions pose a
problem in analyzing variation in leaf morphology with altitude, as Geeske (1994) points
out, as comparisons across a wide environmental range involve comparisons across species
as well. Species appear and disappear at different altitudes with suitable conditions. The
extent of a species' range may then change according to the extent to which, its leaves are
able to adapt morphologically to the environment. Therefore, a species' level of plasticity
will presumably influence the extent of its altitudinal range.
Although individual leaf characters are seldom independent of one another, each
character has expected responses to climate conditions (Dudley 1978). In her study of
Piper leaves at different moisture levels, Lightbody (1985) found that leaves tend to be
longer and thinner in wetter environments than in drier environments, as they shed water
faster. She also found that drip-tips, extended leaf tips that increase the rate of leaf drying,
were longer in wetter environments. Water shedding is important as moisture build-up on a
leaf may encourage epiphyllousalgae, bryophytes, insect eggs, and larvae to collect on the
leaf surface, resulting in damaging effects such as reduced carbon assimilation in
photosynthesis as well as herbivory by larvae (Richards 1996). Drip-tips are commonly
longer on young leaves than old leaves (Rundel and Gibson 1996).
In their study of leaf sizes in different Costa Rican foliar belts, Dolph and Dilcher
(1980) found surface area of leaves to be positively correlated with mean annual
temperature, while annual precipitation and potential evaporation had a less defined
influence. Geeske et al. (1994) suggested that the universally common pattern of decreased
leaf size with increasing altitude may imply dependence on temperature, a factor directly
correlated with altitude, rather than on precipitation and cloud cover, which are not always
correlated with altitude. Leaf size differences between young and old leaves depend on how
much growth has occurred between leaf budding and opening.
Leaf toughness usually increases with increased altitude (Dudley 1978; Geeske
1994). Dudley (1978) gives the possible explanation that there is some adaptive advantage
for leathery leaves with higher humidity. The trend for leaf thickness will be accepted in
this study, although further research is needed for the explanation. Young leaves are still
toughening and therefore generally weaker than old leaves (Rundel & Gibson 1996).
Dudley (1978) found a positive correlation between petiole length and both leaf
length and width, probably a simple correlation with overall size. He also found decreasing
petiole lengths with thicker leaves, and suggests that these shorter petioles are more
mechanically suited to support the heavier leaves. Young leaves therefore generally have
shorter petioles than older leaves. Reliant on other factors, petiole lengths may be seen as
indirectly related to climate.
Climatic pressures should therefore induce narrower, longer, smaller, thicker leaves
with shorter petioles with increasing altitude. Other abiotic factors as well as biotic factors
have been known to influence leaf characters, such as edaphic conditions, successional
stages, and herbivory (Geske 1994; Kappelle 1996; Coley &Barone 1996).
Looking at differences between young and old leaves may also give clues as to the
responsiveness of a plant’s leaves. If an old leaf has changed to a great extent from a young
leaf, this may imply great responsiveness. Also, if both young and old leaves follow the same
morphological trend with altitude, this may mean that the plant is responding largely to a
certain environmental pressure, since leaves of both ages are responding. However,
interpretation of leaf differences may be complicated by leaf opening times.
The present study observes altitude’s influence on four leaf characters: width/length
ratio, petiole length, surface area, and toughness, in both young and old leaves of three
species of Piper, P. amalago, P. dotanum, P. hispidum. The total range studied was 10451565m along the Pacific slope of the Tilarán mountain range in Costa Rica, ranging from San
Luis to Monteverde, with P. amalago and P. dotanum reaching about 1500m, while that of P.
hispidum extends to at least 1800m. Within-species morphological differences as compared
with those of the other species can help explain the differences in range extent as a function of

plasticity in leaf morphology. The range of P. hispidum extends above the other two species
and, therefore, would presumably demonstrate more adaptive responses to climate, as it is
present in climatic environments which the other two species are not.

MATERIALS AND METHODS
Study Sites
For each of the three Piper species, an altimeter was used to find three 30-meter
altitudinal bands along the altitudinal along a gradient were selected based on observation of
species presence. Piper amalago and P. dotanum had similar ranges and therefore identical
bands, the first (1075-1105m) in the San Luis Ecological Reserve, the second (1335-1365m)
and third (1435-1465m) in Rafael Leitón Arce’s forest in San Luis. The range of P. hispidum
extended to higher altitudes and therefore different bands were selected. The first (10451075m) was in the San Luis Ecological Reserve, the second (1435-1465m) identical to the
third band of P. amalago and P. dotanum, and the third (1535-1565m) behind the Estación
Biológica de Monteverde. The region from 800-1500m is classified as premontane wet forest
with annual rainfall between 2 and 2.5m with relatively higher temperatures (Haber et al.
2000). There is a strong dry season from November to May, when little rain falls and windborne mist at higher altitudes is blocked by the peaks of the Cordillera Tilarán to the northeast
of Monteverde. The lower montane wet region from 1500m to about 1835m receives 3m of
rainfall annually. It also receives wind-borne mists and cloud cover blown in from the
Atlantic side, even during the dry season, and experiences relatively lower temperatures than
the premontane wet forest. Gradual precipitation increases and temperature decreases along
the entire gradient are assumed as well.

Data Collection
The four leaf characters, width/length ratio, surface area, and toughness, and petiole length,
were measured from samples of each species at each altitudinal band. Sample size was 30
leaves, a young and old leaf taken from each of fifteen plants. For consistency, sample plant
heights ranged from 1 to 1.5 meters. Leaves were taken from the branch off the third node
from the top of the plant. New leaves were the first fully opened leaf at the branch tip and
old leaves the third leaf in from the tip. If the desired leaves were damaged or missing
leaves were taken from the fourth branch from the top. Width, length, and petiole lengths
were measured using calipers. Width was measured at the widest point of the leaf and length
from petiole base to leaf tip. In this study, drip-tips are only indirectly measured through leaf
length, as determining drip-tip length seemed rather subjective. Petiole length was measured from
the base to the widest point of attachment. Surface area was measured by placing leaves
underneath a transparent squared centimeter grid and counting the squares within the leaf margin.
For toughness, leaves were placed in a penetrometer, and the amount of water applied by a
constant stream of water using a plastic spray-bottle was recorded.

Data Analysis
To test for statistically significant differences in within-species responses by leaf character
with changing altitude, both for new and old leaves, a two-way ANOVA was run for each
leaf character of each species, along with Fisher’s PLSD post hoc tests.

RESULTS
Neither P. amalago nor P. dotanum showed the expected trends of longer, narrower,
smaller, tougher leaves with shorter petioles as altitude increased. In P. amalago, there
were significant differences in width/length ratios, specifically between narrower, longer
leaves at 1075 – 1105m and wider, shorter leaves at 1435 – 1465 m (Table 1, Figure 1A).
As for P. dotanum, width/length ratios did not change with altitude (Table 1, Figure 2A).
For P. amalago, the effects on surface area depended on leaf age (Table 1, Figure 1B).
Surface area of P. dotanum was unchanged by altitude (Table 1, Figure 2B). Toughness
was not significantly different between altitudes for either P. amalago or P. dotanum
(Table 1, Figures 1C, 2C). Petiole lengths of P. amalago did not change with altitude
overall, but were significantly longer at 1075 – 1105m than at 1335-1365m (Table 1,
Figure 1D). For P. dotanum, petiole length changed significantly with altitude but only
between 1335-1365m and 1435 – 1465m, where petioles were shorter at the highest
altitude (Table 1, Figure 2 D).
In contrast to the other two species, P. hispidum leaf characters did show
responses that would be expected with the changing climatic changes. Width/length ratios
were smaller and therefore leaves were narrower and longer at 1535- 1535 m than at
either of the two lower altitudes (Figure 3 A). Piper hispidum leaves were significantly
smaller at 1435 – 1465 m than both the other altitudes, which were not significantly
different than one another (Figure 3B). Significantly tougher leaves were found at 1435 –
1465 m than at 1075 – 1105 m and leaves at 1535 – 1565 m were significantly tougher
than those at 1045 – 1075 m (Figure 3C). Petioles were significantly different at all
altitudes, with the longest at 1435 – 1465 m followed by 1535 – 1565 m and shortest
petioles at the 1045 – 1075m (Figure 3 D).
In terms of differences with leaf age, all characters between new and old leaves
were statistically significant for both P. amalago and P. dotanum (Table 1). Young leaves
were longer and narrower than old leaves (Figures 1A, 2A). Young leaves were smaller
than old leaves for both species, although in P. amalago there was an interaction between
leaf age and altitude due to changes in the size of young leaves, while old leaves were
relatively the same size at all altitudes (Table 1, Figure 1). Young leaves were
significantly larger at 1075 – 1105 m as compared to the new leaves of the two higher
altitudes (Table 1, Figure 1). Older leaves were tougher than younger leaves for both
species (Table 1, Figures 1C, 2C). Petioles were significantly longer in older leaves for
both species (Table 1, Figures 1D, 2D).
As for P. hispidum, young and old leaves followed the same trends. With the
exception of width/length ratio, all characters were significantly different in young and
old leaves (Table 1). Young leaves were smaller than old leaves (Figure 3B); old leaves
were tougher than young leaves (Figure 3 C); and young leaves had smaller petioles than
old leaves (Figure 3D).

DISCUSSION
If leaves of Piper were responding to climatic variation at different altitudes, they should
have become longer, narrower, smaller, and tougher with shorter petioles as altitude
increased. Because the leaf morphology of P. amalago and P. dotanum either did not
change with altitude or showed trends other than expected, they did not seem to respond
to climatic changes. They are then either unresponsive to environment or responsive to

other abiotic or biotic conditions.
Piper amalago had increasingly wider and shorter leaves with increasing altitude,
opposite what was expected (Figure 1A). Perhaps this response is due to edaphic
conditions, as they have been known to affect leaf shape (Dudley 1978). Thus soil
nutrients and moisture may be responsible, but further investigation of the soil conditions
at the different altitudes is needed before conclusions can be made. In P. dotanum, width
to length ratios were unaffected by altitude and corresponding climate changes (Figure
2A). The size of old leaves of P. amalago did not respond significantly to changing
elevations, while young leaves became smaller (Figure 1B). Possible explanations for this
are discussed later. The size of P. dotanum’s leaves did not change with altitude (Figure 2
B). Toughness did not change for either P. amalago or P. dotanum, although there was a
leaf age-altitude interaction for P. dotanum that will be discussed later (Figures 1C and
2C). Despite significantly similar size and toughness of P. amalago leaves at different
altitudes, petioles were shorter at the middle altitude (Figure 1D). Petiole length may then
be individually related to width and length, significantly longer with longer leaf length at
the lowest altitude and again longer with significantly wider leaves at the highest altitude,
and shorter when neither leaf width nor length are largely pronounced (Dudley 1978).
The petiole length trend for P. dotanum likewise does not correspond with unchanging
leaf size and toughness, as petioles were shortest at the highest elevation (Figure 2D).
This could be due to the significantly tougher young leaves at the highest elevation,
which would have required relatively shorter petioles to support heavier leaves (as
speculated by Dudley 1978).
Piper hispidum leaves followed the expected trend, becoming longer and narrower
with increased altitude and moisture (Table 1, Figure 3A). Thus, the species may be
responding to environmental changes in rainfall and moisture as needed to prevent
damaging effects by collected water on leaf surfaces (Richards 1996). The longer,
narrower leaves at higher altitudes should allow for faster water drainage (as found by
Lightbody 1985). This ability of P. hispidum to respond to moisture may therefore be
vital to its presence in the lower montane wet forest, given the higher moisture levels
with the transition from premontane wet forest.
Although leaf size of P. hispidum begins to follow the expected trend with
climatic change, decreasing between the lowest and middle altitudes, leaves again
become larger at the highest altitude (Figure 3B). Leaf size may have therefore been
affected by two opposing factors, temperature being the factor between the first two
elevations, and a number of possible factors differing between the premontane wet forest
and the lower montane wet forest life zones. Smaller leaves can result from decreased
soil fertility and dryness (Dudley 1978). Greater amounts of organic material as well as
the volcanic parent material of the lower montane wet forest do give this zone more
fertility than lower regions, and thus, fertility might outweigh the factor of temperature
on leaf size between middle and highest altitudes (Clark et al. 2000).
Leaves of P. hispidum also follow the expected trend of increasing toughness with
increasing altitude (Figure 3C). Thus, they may be responding to increased humidity,
although the exact advantage of this is unknown (Dudley 1978). The species P. amalago
and P. dotanum, then, may be neither suited nor able to adjust morphologically to tolerate
higher humidity.
Petioles of P. hispidum only make the expected decrease in length between middle
and highest altitudes (Figure 3D). The effects on petiole length may be unclear due to its
dependence on many factors, of width, length, size and thickness (Dudley 1978). The

petiole lengths found may be explained by relating petiole length with area, as
intermediate altitude had the smallest leaves and the longest petioles. This could be due
to leaf weight, the larger leaves weighing more and needing shorter petioles for support
(Dudley 1978). The longer petioles at the highest altitude versus lowest altitude may be
due to a relationship between petiole length and leaf length, which could be outweighed
at the middle altitude by leaf size (Dudley 1978).
Differences between young and old leaves of P. amalago and P. dotanum also do
not seem to suggest responses to climate. In P. amalago, width/length ratios for young
leaves follow the same trend as the old leaves, suggesting a possible response to edaphic
conditions (Figure 1A). Young leaves of P. dotanum show the same unresponsiveness as
old leaves, with unchanging width/length ratios at different altitudes (Figure 2A). Young
leaves of P. amalago became significantly smaller with increased altitude, although older
leaves remained unchanged (Figure 1B). Thus younger leaves at the highest altitudes,
although small, are becoming just as large as the larger young leaves at lower altitudes.
Thus, there seems to more effort to become large at the highest altitude, which should not
occur if the leaves are responding to climate and should be becoming smaller at high
altitudes. Perhaps this is a response to greater herbivory in the warmer, drier conditions of
lower altitudes. Reducing the overall expansion period reduces damage to vulnerable
young leaves, as exposure time to generalist herbivores is shortened and specialists are
constrained to find hosts (Coley & Barone 1996). If expansion times are not different, the
young leaves at lower altitudes may be responding to higher herbivory by delaying
opening times until they are tough enough to resist herbivores (Coley & Barone 1996).
Surface area of young P. dotanum leaves, like old leaves, does not show a response to
environment (Figure 2B). Toughness of P. amalago are unresponsive to climatic changes
(Figure 1C). For P. dotanum, there is an altitude-leaf age interaction caused by the
tougher younger leaves at the highest elevation (Figure 2C). Perhaps humidity or edaphic
features are involved, although it is unknown whether such features would affect young
and old leaves differently (Dudley 1978). It is unlikely that such a great change in
toughness would result from relatively small humidity changes, especially given the lack
of change between the lower two altitudes and because it only exists in young leaves.
Petioles of young leaves showed no change with altitude in both species although there
were significant changes in older leaves (Figures 1D and 2D). This may be due to
delayed petiole response to environmental conditions.
In P. hispidum, young leaves and old leaves showed the same trends for all
characters. This may therefore show the high responsiveness of the species to
environmental conditions, since leaves of both ages are affected. New and old leaves
were not significantly different from each other in width/length ratio, possibly due to
unique, and perhaps advantageous, trait of the species allowing it to maintain a favorable
width/length ratio throughout a leaf’s lifetime (Figure 3A). This may be because of the
high importance of water shedding capabilities in the lower montane wet forest.
Overall, P. hispidum seems to respond more to the altitudinal effects of
temperature and precipitation than either P. amalago or P. dotanum. The longer,
narrower leaves of P. hispidum at higher altitudes especially give support to the species’
greater adaptability to increasing moisture, as they showed both a clear trend with a clear
explanation. Piper hispidum’s response to climate coincides with the presumed higher
plasticity of P. hispidum that allows it to occur in the lower montane wet forest while the
others do not. Given the lack of response to climatic changes in the premontane wet
region, P. amalago and P. dotanum may not be plastic enough to adapt to a more drastic

temperature and moisture difference between the premontane and lower montane wet
zones, and thus explain its absence there.
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TABLE 1. Results of three 2-way ANOVA test run for leaf characters versus altitude in three species of
Piper for both young and old leaves. Characters include width/length ratio, petiole length (cm), surface
area (cm2), and toughness (g).
_____________________________________________________________________________________
Species
Character
Factor
F-value
p-value
P. amalago

P. dotanum

P. hispidum

*p=<0.05,p=<0.01

Width/length

Altitude
Leaf age
Altitude*leaf age

3.208
12.523
0.962

0.0454*
0.0007**
0.3865

Surface area

Altitude
Leaf age
Altitude*leaf age

4.697
126.854
3.841

0.0177*
<0.0001**
0.0253*

Toughness

Altitude
Leaf age
Altitude* leaf age

1.229
26.151
0.154

0.2978
<0.0001**
0.8573

Petiole length

Altitude
Leaf age
Altitude*leaf age

2.439
64.008
2.787

0.0934
<0.0001**
0.0673

Width/length

Altitude
Leaf age
Altitude*leaf age

0.256
16.727
0.017

0.7750
<0.0001**
0.9827

Surface area

Altitude
Leaf age
Altitude*leaf age

0.564
163.389
2.087

0.5713
<0.0001**
0.1305

Toughness

Altitude
Leaf age
Altitude*leaf age

2.307
142.347
5.509

0.1058
<0.0001**
0.0056**

Petiole length

Altitude
Leaf age
Altitude*leaf age

5.172
55.077
1.244

0.0076**
<0.0001**
0.2933

Width/length

Altitude
Leaf age
Altitude*leaf age

7.326
0.035
0.160

0.0012**
0.8528
0.8521

Surface area

Altitude
Leaf age
Altitude*leaf age

6.345
68.830
0.666

0.0027**
<0.0001**
0.5162

Toughness

Altitude
Leaf age
Altitude

10.800
10.159
1.491

<0.0001**
0.0020**
0.2311

Petiole length

Altitude
Leaf age
Altitude*leaf age

15.252
32.504
1.244

<0.0001**
<0.0001**
0.2934

Figure 1. The effect of altitude on leaf characters of P. amalago for both young and old leaves (mean +/- 1 SD). Sample size was thirty leaves at
each altitude, fifteen new and fifteen old. Width/length ratios (A) between the lowest and highest elevations were significantly different, while
those between lowest and middle and middle and highest were not (Fisher’s PLSD post hoc test; p = 0.0200, 0.537, 0.6798). Surface area (B) was
significantly different between lowest and m altitudes and lowest and highest altitudes, but not between middle and highest (Fisher’s PLSD post
hoc test; p = 0.0218, 0.0050, 0.5855). Toughness (C) was not significantly different between lowest and either altitude nor between middle and
highest altitudes (Fhisher’s PLSD post hot test; p = 06780, 0.1330, 02743). Petiole lengths (D) were significantly different between lowest and
middle altitudes, but not between lowest and highest nor middle and highest (Fisher’s PLSD post hoc test; p = 0.0399, 0.0987, 0.6775). All pairs
with the same letter are significantly different.

Figure 2. The effect of altitude on leaf characters of P. dotanum for both young and old leaves (mean +/- 1 SD). Sample size was thirty leaves at
each altitude, fifteen new and fifteen old. Width/length ratios (A) were not significantly different between the lowest and middle, lowest and
highest, nor between middle and highest altitudes (Fisher’s PLSD post hoc test; p = 0.6192, 0.846, 0.4902). Su rface area (B) was not
significantly different between altitudes (Fisher’s PLSD post hoc test; p = 0.3097, 0.4220, 0.8465). Toughness (C) was not significantly different
either (Fisher’s PLSD post hoc test; p = 0.9074, 0.0756, 0.0588). Petiole lengths (D) were significantly different between middle and highest
altitudes, but not between lowest and middle nor highest (Fisher’s PLSD post hoc test; p = 0.0020, 0.2103, 0.0569). All pairs with the same letter
are significantly different.

Figure 3. The effect of altitude on leaf characters of P. hispidum for both young and old leaves (mean +/- 1 SD). Sample size was thirty leaves at
each altitude, fifteen new and fifteen old. Width/length ratios (A) were significantly different between lowest and highest but not between lowest
and middle altitudes (Fisher’s PLSD post hoc test; p = 0.0004, 0.0093, 0.2972). Surface area (B) was significantly different between lowest and
middle altitudes and between middle and highest elevations but not between lowest and highest (Fisher’s PLSD post hoc test; p = 0.0119, 0.0010,
0.3975). Toughness (C) was significantly different between lowest and both middle and highest altitudes, but not between middle and highest
altitudes (Fisher’s PLSD post hoc test; p = 0.0038, < 0.0001, 0.1118). Petiole lengths (D) were significantly different between lowest and both
middle and highest altitudes as well as between middle and highest (Fisher’s PLSD post hoc test; p = < 0.0001, 0.0013, 0.0348). All pairs with
the same letter are significantly different.

